SUMMARY. Milk fat was fractionated into liquid (m.p. ^ 12 °C), intermediate (m.p. c* 21 °C) and solid (m.p. ct 39 °C) fractions by three different processes-melt crystallization, short-path distillation and supercritical C0 2 extraction-and the cholesterol content of these fractions determined. Cholesterol was enriched in the liquid fractions from all three processes, in particular about 80% of the cholesterol being found in the liquid fraction obtained by short-path distillation. The basis of migration of cholesterol into various milk fat fractions was explained by its affinity to various triglycerides (melt crystallization) and by vapour pressure and molecular weight (short-path distillation). It was more complex in the supercritical CO 2 extraction process; the interplay of cholesterol affinity toward CO 2 and its molar volume, and its vapour pressure enhancement under applied pressure play a role.
Milk fat is an important component of many dairy products. The physical properties of milk fat are known to influence greatly the rheological properties of these products and hence are of technical importance. Thus, recently there has been considerable interest in the modification of milk fat. The processes employed for modification include hydrogenation (Martine, 1982) , interesterification (Coenen, 1974) , blending with other edible oils and fats (Vovan & Riel, 1973) , enzymic modification (Barach, 1985) and fractionation (Boudreau et al. 1984) . The last method takes advantage of the fact that milk fat is essentially a mixture of different triglycerides with different physical properties making technically possible its fractionation into fractions with different chemical composition and melting points. Fractionation processes include melt crystallization (Fjaervoll, 1970; Riel & Paquet, 1972; Black, 1973 Black, , 1975 Jebson, 1976; Ricci-Rossi & Deffense, 1984; Amer et al. 1985; Makhlouf et al. 1987 ), short-path distillation (Bracco, 1980; Arul et al. 1988a) and supercritical CO 2 extraction (Kaufmann et al. 1982; Arul et al. 1987, 19886) .
Data on the cholesterol content of these new products are sought in the food-fat industry, as cholesterol has received notoriety in recent years for its connection with circulatory ailments. Cholesterol is of growing dietary concern to consumers even though the recent trend seems towards a more balanced view. Dietary intake of cholesterol cannot be directly related to blood cholesterol level; other risk factors associated with atherosclerosis include heredity, hypertension, stress, smoking, obesity and lack of exercise (Brown, 1968; Bour, 1980; Clydesdale, 1984) . The significance of milk and milk products as a source of dietary cholesterol has been reviewed by Feeley et al. (1972) and Sweeney & Weihrauch (1976) . This paper presents a comparative study of cholesterol levels in various fractions obtained by melt crystallization (MC), short-path distillation (SPD) and supercritical carbon dioxide (SC-CO 2 ) extraction. The physicochemical principles of cholesterol migration into milk fat fractions obtained by the above processes are discussed.
MATERIALS AND METHODS

Experimental
Anhydrous milk fat
Commercial grade butter oil (Agropur Cooperative Agro-Alimentaire, Gran by, Quebec, Canada) was used after removal of protein residues by centrifugation of melted fat at 55 °C for 20 min at 250 g.
Melt crystallization
The anhydrous milk fat was fractionated into seven fractions by MC at temperatures ranging from 26 to 9 °C. The process was based on slow cooling of the melted fat, a short duration of stabilization at the fractionation temperature and the separation of the crystals from liquid phase by vacuum filtration, as described by Makhlouf et al. (1987) . The fractions were grouped into three fractions (liquid, intermediate and solid) based on their melting profile.
Short-path distillation
SPD was carried out in a pilot scale high vacuum wiped film evaporator (Pfaudler Co. 1982) . Anhydrous milk fat was fractionated into four fractions at temperatures of 245 and 265 °C and pressures of 220 and 100 /tmHg, as described by Arul et al. (1988a) . Two low melting point (m.p.) fractions (liquid at room temperature) were blended together to yield a total of three fractions (liquid, intermediate and solid).
Supercritical carbon dioxide extraction
Fractionation of anhydrous milk fat was carried out with SC-CO 2 at temperatures of 50 and 70 °C over a pressure range of 100-350 bar as described by Arul et al. (1987) . Eight fractions were obtained and were recombined into three fractions (liquid, intermediate and solid) based on their melting profile.
Cholesterol analysis (quantitative)
Samples of MC and SPD fat fractions were melted at 60 °C and saponified to recover the total cholesterol (Association of Official Analytical Chemists, 1980) . To determine the correction yield factor, 5 ml of 5a-cholestane (Sigma Chemical Co., St Louis, MO 63178, USA) solution (1000 ppm) in hexane was added along with the fat sample into the saponification flask, before the addition of the KOH solution. The sterols were extracted from the unsaponifiable fraction with hexane. The extract was evaporated to a final volume of 10 ml. The total sterol was analysed as free cholesterol by a modified method of Freeman (1981) 350 °C respectively. The oven temperature programme used was 250-330 °C (10 °C/ min) and held at 330 °C for 5 min. The carrier gas (H 2 ) was maintained at a constant pressure head of 55 kPa. Cholesterol was identified and quantified by comparing its retention time with respective standard solutions of 5a-cholestane (500 ppm) and pure-grade cholesterol from 50 to 1000 ppm (99% pure, Sigma Chemical Co.).
Cholesterol analysis (semi-quantitative)
Semi-quantitative analysis of cholesterol in SC-CO 2 fractions was carried out by thin-layer chromatography as described by Recourt (1966) .
Computational Activity coefficient of cholesterol
The regular solution theory of Hildebrand (Hildebrand et al. 1970) leads to a good semiquantitative representation of activity coefficients for solutions containing nonpolar components, given by the following expression, known as the ScatchardHildebrand model (Prausnitz, 1969) :
where y ( is the activity coefficient of the solute i, V t the molar volume of the solute, S t the solubility parameter of the solute, 8 } the solubility parameter of the solvent j , R the gas constant and T the absolute temperature.
Solubility parameter and molar volume of cholesterol and triglycerides
The solubility parameters of cholesterol and simple triglycerides of acyl carbon number, C24 to C54, were determined by a solvent spectrum method (Barton, 1975) using mixed solvents which allow small solubility parameter increments to be made (J. Arul, R. Tardif, A. Boudreau, A. Pascal, pers. comm.) . The molar volumes of triglycerides were computed from group contribution to molar volume data of Fedors (1974) . The solubility parameter of cholesterol and simple triglycerides is presented in Table 1 . The solubility parameter of simple triglycerides decreases with molecular weight. The presence of double bonds in a triglyceride of a given carbon number increases its solubility parameter. An unsaturated fatty acid (FA) (cisisomer) possesses some polarity (Morrison & Boyd, 1973) , but its Van der Waals attractive (dispersion) force would be somewhat lower than that for a corresponding saturated FA. The magnitude of polar contribution (Hoy, 1975) energy of the triglyceride molecule, due to the presence of a double bond, is higher than the magnitude of dispersion contribution due to the absence of a double bond which results in a higher molar attraction. There is also some reduction in the molar volume of a triglyceride molecule due to the presence of a double bond (Fedors, 1974) . Hence, unsaturation in a triglyceride molecule will increase its solubility parameter. An introduction of three double bonds in a triglyceride molecule of acyl carbon number C54 increases its solubility parameter from 8-76 to 9-05 (cal/cc) 5 (Table 1) .
, , , " . . RESULTS AND DISCUSSION
I. Melt crystallization
The cholesterol content of milk fat and milk fat fractions obtained by MC is presented in Table 2 , process A. The concentration of cholesterol in the liquid fraction (3-8 mg/g fat) is almost twice that in the solid fraction (2-0 mg/g fat). This compares to the result of Norris et al. (1971) . Being a minor constituent it is unlikely that cholesterol reaches its saturation concentration at any of the crystallization temperatures used; therefore all the free cholesterol should migrate into the liquid fraction. The fact that only 37% of the total cholesterol occurred in the liquid fraction is possible if cholesterol be distributed between fractions dependent on its affinity to the constituent triglycerides. The higher concentrations of cholesterol in the liquid fraction may be the result of its higher affinity to the triglycerides of that fraction.
Triglyceride composition, structure and melting point
Milk fat is composed of a mixture of triglycerides which differ not only in mol. wt (from 470 to 890), but also in their degrees of packing of crystals (triglycerides composed of FA of uneven length and unsaturated FA with cis-configuration) as well as in the nature (dispersion and polar) and magnitude of intermolecular forces.
Variation in molecular weight and packing regularity of crystal structure (entropy) lead to a wide variation in the m.p. ( -30 °C to +40 °C) of milk fat triglycerides (Morrison & Boyd, 1973) . In a homologous series, the m.p. (T m ) depends on the molecular weight (M) according to the relationship 7 triglycerides as well as mixed triglycerides of FA of uneven length in short-, mediumand long-chain triglycerides. This would lead to loose packing of crystals of mediumand long-chain triglycerides, lowering their m.p. (high entropy of fusion) while the short-chain triglycerides would possess lower m.p. owing to their low molecular weights (Morrison & Boyd, 1973) .
Cholesterol affinity for triglycerides
Cholesterol, being a minor constituent of milk fat, would be expected to partition into liquid, intermediate and solid fractions according to its affinity towards their respective constituting triglycerides. About 37 % of the total cholesterol is found in the liquid fraction and there is a gradual decrease in the proportion of cholesterol migrating into intermediate and solid fractions ( Table 2 , process A). In parallel, there is a gradual decrease in short-and medium-chain triglycerides as well as in short-and medium-chain FA and unsaturated long-chain FA from liquid fraction to solid. Likewise, there is a gradual increase in long-chain triglycerides and saturated FA from liquid to solid fraction. This suggests that cholesterol possesses a higher affinity for the short-and medium-chain triglycerides as well as for the long-chain triglycerides with high frequency of unsaturated FA.
The activity coefficient of cholesterol in triglycerides, computed from eqn 1, is presented in Table 1 . In all cases, y i > 1 and it is closer to 1 in short-chain simple triglycerides and in long-chain triglycerides with an increasing number of double bonds. This means that cholesterol will be miscible in the short-and medium-chain triglycerides to a large extent, and to some degree in the long-chain triglycerides with unsaturated FA, but its miscibility will be limited in the long-chain triglycerides with only saturated FA; the former, being low m.p., are liquid at room temperature and hence we observed a higher proportion of cholesterol migrating into the liquid fraction. The same conclusion may also be arrived at from the regular solution theory (Hildebrand & Scott, 1950 ) that the affinity between solute and solvent phase is maximum when the interchange energy density (S t -S } ) 2 is zero. The higher concentration of the total cholesterol in the liquid fraction given its triglyceride and FA composition compared to those of the intermediate and solid fractions (Table 2 , process A), may also arise from the transfer of the esterified cholesterol in the liquid fraction. Patton & McCarthy (1963) have reported concentrations of esters corresponding to 10-15% of the total cholesterol. These authors separated the cholesteryl esters chromatographically from other milk lipids and found that about 85% of the FA were long-chains (C14-C20), of which about 55 % were unsaturated. The presence of cholesterol and unsaturated FA residues in the cholesteryl esters would very likely cause loose packing of these esters; thus they would possess lower m.p. and therefore would migrate into the liquid fraction.
II. Short-path distillation
The cholesterol content of milk fat fractions obtained by SPD is presented in Table 2 , process B. About 78% of the total cholesterol was found in the liquid fraction, compared to ~ 18% in the intermediate fraction and ~4 % in the solid fraction. Vapour pressure (p) temperature (T) relationships for cholesterol and simple triglycerides are presented in Table 3 . Volatility of triglycerides decreases with their molecular weight. The presence of double bonds in a triglyceride molecule has very little influence on the vapour pressure (Perry el al. 1949) . The low molecular weight short-chain triglycerides are thus more volatile than long-chain ones, (Table 3) . Free cholesterol then distills along with short-and medium-chain triglycerides. This is also supported by the triglyceride composition (Table 2 , process B). The liquid fraction is enriched in short-and medium-chain triglycerides and low in long-chain triglycerides. The total cholesterol remaining in the intermediate and solid fractions (~ 22%) may be in the esterified form. Since about 85% of the FA in the cholesteryl esters were long chains (C14-C20) (Patton & McCarthy, 1963) , they would have high molecular weight and hence low vapour pressure. Therefore, cholesterol in the esterified form, being less volatile, would be found in the high melting intermediate and solid fractions.
III. Supercritical carbon dioxide extraction
The relative concentrations of total cholesterol in the liquid, intermediate and solid fractions obtained by SC-CO 2 extraction are shown qualitatively in Table 2 , process C. Quantitative analysis of cholesterol was not possible owing to limitation of sample sizes of these fractions. Kaufmann et al. (1982) obtained two fractions of milk fat (20% liquid and 80% solid) by SC-CO 2 extraction at a pressure of 200 bar and temperature of 80 °C. There is good agreement with our qualitative data and those of Kaufmann et al. (1982) that the liquid fractions were enriched in total cholesterol and its concentration decreased with the increasing m.p. of the fractions. There is an equally good agreement in the triglyceride and FA composition of the fractions where the liquid fraction was enriched in short-and medium-chain triglycerides and FA and the solid fraction was enriched in long-chain triglycerides and FA. Kaufmann et al. (1982) cholesterol migrating into the liquid fraction is not as striking as in SPD; only about 36 % of the total cholesterol migrates into the liquid fraction obtained by SC-CO 2 extraction.
Solubility phenomena in supercritical carbon dioxide
SC-CO 2 extraction involves the phenomena of distillation and extraction simultaneously (Zosel, 1978) . Distillation involves the vapour pressure enhancement due to applied pressure (Poynting effect) and to the supercritical gas solubility in the condensed phase under pressure (Diepen & Scheffer, 1948; Webster, 1953) . Extraction involves the principles of ideal solubility (Bailey, 1950; Krukonis & Kurnik, 1985) and solute-solvent affinity (Hildebrand & Scott, 1950; Vetere, 1979) . Volatility increases with decreasing molecular size in a homologous series (Morrison & Boyd, 1973) ; hence the enhanced vapour pressure of small molecules under pressure would be generally higher than that of the large molecules. Ideal solubility of a substance is related to the degree of molecular packing within the crystal (change of state from solid to liquid involving separation of molecules); other things being equal, a solute of low m.p. is more soluble than one of high m.p.
The solute-solvent affinity results from the intermolecular interaction between the solute and the solvent (energetic), and from the entropy of mixing between the solute and the solvent (entropic). From the regular solution theory (Hildebrand & Scott, 1950) , it follows that the solute-solvent miscibility is maximum when the solubility parameter of the solute (S t ) and that of the solvent (S } ) are matched, i.e. the heat of mixing is zero and high affinity (energetic) between the solute and the solvent results. A significant disparity in the molar volumes of the solute and the solvent will improve the affinity between them, which results from the entropy of mixing molecules of different size (entropic affinity). Furthermore, the regular solution Scatchard-Hildebrand model (eqn 1) indicates that with increasing molar volume of the solute molecules of similar solubility parameter, the solubility would decrease. This is because there are larger number of solute-solute contacts in a large molecule and hence a large number of solvent molecules would be required to break the solute-solute contacts and form solute-solvent contacts in order to effect the dissolution process. Thus, the clustering of solvent molecules around a solute molecule is driven by their affinity (energetic and entropic) to the solute, but the number of solvent molecules (solvent concentration) required to cause a mutual displacement of the solute molecules is governed by the solute size. Elution of solute molecules into the solvent phase is achieved, therefore, by the interplay of affinity of the solvent to the solute and the solvent concentration.
Yet another feature of the SC-CO 2 extraction is that the solvent affinity to the solute and the gas concentration (density) can be modified by varying the pressure of the system. The solubility parameter and density of SC-CO 2 increase and its molar volume decreases with the increases in pressure under isothermal conditions (Allada, 1984; Newitt et al. 1956 ).
Cholesterol elution into supercritical carbon dioxide Kaufmann et al. (1982) carried out the fractionation of milk fat with SC-CO 2 at a pressure of 200 bar and temperature of 80 °C. The enhanced vapour pressure of the relatively high volatile cholesterol and short-chain triglycerides at this pressure would contribute to the elution of these molecules into the mobile CO 2 phase more than the low volatile long-chain triglycerides. However, considering the very low saturation vapour pressure of cholesterol at 80 °C, its transfer into the CO 2 phase by distillation may not be significant and hence this phenomenon probably plays only a minor role at this pressure and temperature. Furthermore, cholesterol being a high m.p. compound (1482 °C), its ideal solubility which is related to the molecular packing within the crystals would be low as well.
At the pressure of 200 bar and temperature of 80 °C, the solubility parameter of CO 2 is 4-44 (cal/cc)* (Allada, 1984) , its density is 0-6 g/cm 3 (Newitt et al. 1956 ) and its molar volume is 733 cc/mol. The solubility parameter of cholesterol is 101 (cal/ cc)* and that of simple triglycerides, C24 to C54, ranges from 9-97 to 876 (cal/cc)* (Table 1) . However, the molar volume of cholesterol is 362-4 cc/mol while that of simple triglycerides, C24 to C54, ranges from 4755 to 942-9 cc/mol. On the one hand, the CO 2 affinity of cholesterol is lower at this pressure and temperature, i.e. a large value of (S i -S j ), and a smaller disparity in the molar volumes of the CO 2 gas and cholesterol. On the other hand, the size of cholesterol molecules is small and therefore the low gas concentration (density) at this pressure and temperature is probably adequate to saturate the cholesterol molecules. We have a situation where the solvent (gas) concentration is adequate but the solute-solvent affinity is too poor to make an adequate number of solute-solvent contacts, necessary for the dissolution process. Thus only a moderate portion of the total cholesterol elutes into the mobile gas phase at this pressure and temperature. On the contrary, the limited solubility of long-chain triglycerides at this pressure and temperature is largely due to the low gas concentration which is not adequate to saturate a large molecule, even though the CO 2 affinity of long-chain triglycerides is far higher than that of either cholesterol or short-chain triglycerides.
Two other factors are also responsible for the low proportion of cholesterol migrating into the liquid fraction. Cholesterol is a minor constituent in milk fat and it is probably associated with triglycerides for which it has higher affinity. As stated earlier (Table 1) , it has high affinity for short-and medium-triglycerides and to some extent for long-chain unsaturated triglycerides. Therefore, the elution of cholesterol into the mobile gas phase would be determined by the balance of tripartite interactions: triglyceride/SC-CO 2 , triglyceride/cholesterol and SC-C0 2 /cholesterol. Since CO 2 affinity is low for cholesterol at the pressure of 200 bar and 80 °C, there would be less competition between triglycerides and CO 2 for cholesterol. Those cholesterol molecules associated with short-and medium-chain triglycerides would be eluted into the gas phase along with them at low gas concentrations. However, the cholesterol molecules associated with long-chain unsaturated triglycerides would be hindered by this affinity, as the long-chain triglycerides are not eluted at low gas concentration owing to their large size. Secondly, not all cholesterol is in the free state. Cholesteryl esters being large molecules would not be eluted at low gas concentration.
Thus, cholesterol is enriched in the liquid fractions obtained by all three feasible processes for fractionation of milk fat. The basis of its migration, however, is different with each process although there is some measure of similarity between SC-CO 2 extraction and SPD. Short-path distillation offers the best means of reducing the cholesterol content of milk fat to a minimum with the least change in the composition of the original milk fat. the preparation of this manuscript. The support for this publication by the Conseil des Recherches en Peche et Agro-alimentaire du Quebec (CORPAQ) is gratefully acknowledged.
